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(U)  The  object  of  this  study  was  to  demonstrate  the  feasibility  of 
producing  a test  chamber  which  could  reproduce  a temperature 
distribution  within  a rocket  motor  (as  a function  of  time  and  position) 
as  is  produced  by  the  sun  as  it  radiates  energy  to  solid  propellant 
rockets  stored  out-of-doors  and  as  it  moves  through  the  sky.  This  project 
discusses  the  design  problems  in  such  a system,  presents  results  of 
testing,  and  indicates  that,  indeed,  such  a test  chamber  is  feasible^ 
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INTRODUCTION 


CURRENT  FORCED  CONVECTION  OVENS 

A good  forced  convection  high-temperature  chamber  is,  for  all  intents 
and  purposes,  temperature  gradient-free  in  all  three  directions  in  the 
test  volume.  The  20  x 8 x 8 feet  (6.1  x 2.4  x 2.4  m)  chambers  at  China 
Lake,  for  example,  are  gradient-free  to  about  1/16  inch  (1.6  mm)  from  j 

the  wall  even  during  cam-controlled  cycling.  This  is  because  the  air 
inside  the  chamber  is  circulating  at  a velocity  much  higher  than  25  knots. 

Since  the  forced  convection  chamber  is  gradient-free,  the  same  amount 
of  heat  will,  in  general,  penetrate  anything  positioned  in  that  chamber 
at  a normal  angle  on  all  surfaces  at  once.  Or  it  can  be  said  that  the 
test  item  is  being  heated  as  if  the  sun  were  shining  directly  on  and  all 
over  the  item  at  the  same  time  (i.e.,  top,  bottom,  east,  west,  north  and 
south  sides)  . Obviously  the  amount  of  heat  entering  or  leaving  the  test 
unit  under  these  conditions  is  very  much  different  from  that  occurring 
during  field  exposure.  The  question  that  should  now  be  of  vital  concern 
to  the  test  community  is  what  do  we  do  about  it?l 

One  large  step  forward  was  replacing  the  single-temperature  soak  with 
a cam-following  temperature-controlled  profile.  Thus,  instead  of  8 hours  ' 

at  160°F  (71.1°C),  followed  by  16  hours  at  -65°F  (-53.9°C),  some  type  of 
constantly  varying  temperature  profile  could  be  imposed  on  the  item  during 
that  24-hour  test  period.  One  question,  however,  was  not  addressed: 
would  the  physics  of  the  situation  allow  the  unit  under  test  to  respond 
as  it  would  in  real  life?  It  is  true  that  the  cam  controller  can  main- 
tain chamber  temperatures  exactly  identical  to  the  temperatures  experi- 
enced at  some  single  location  on  the  test  unit  during  a given  field  ex- 
posure day,  but  it  also  subjects  all  other  surfaces  of  the  unit  to  the 
same  exposure  pattern.  This  then  leads  to  the  question:  is  it  tempera- 
ture alone  or  temperature  and  heat  rate  into  the  item  that  is  really 
important? 


» 


^Schafer,  H.C,,  Deficiencies  in  Traditional  High-Temperature  Storage 
Testing , J.  of  Environmental  Sciences:  Vol.  XX,  No.  1 (Jan-Feb  1977),  p.  15. 
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By  making  a simple  comparison,  we  can  quickly  determine  the  general  , 

answer  to  this  question.  Using  the  field-measured  thermal  response  data 
of  the  test  unit  as  the  "standard,"  we  can  compare  the  chamber-induced 
and  field-induced  response  data  for  the  test  unit.  In  a forced-  < 

convection  situation  the  heat  rate  (q)  is  proportional  to  the  differences 
in  temperature  (AT).  The  constant  of  proportionality  is  usually  broken 
down  into  two  functions,  area  (A)  and  a description  of  the  way  the  air 
(or  wind,  h)  is  forced  over  the  test  unit  by  the  chamber  fans.  Now,  by 
loosely  equating  the  field-measured  AT  with  that  initially  imposed  by  the 
chamber,  some  insight  can  be  derived  into  what  may  need  to  be  done  with 
present  forced-convection  chambers  to  more  faithfully  reproduce  field- 
type  exposure  testing. 


Concentrating  on  the  area  (A)  and  wind  (h)  terms,  the  in-the-field 
area  of  exposure  can  be  thought  of  as  only  one  side  of  an  item  at  a time, 
when  normal  insolation  is  even  nominally  available.  For  our  purposes, 
this  one  side  will  equate  to  A = 1 for  the  field.  But,  if  this  same  box 
is  in  a forced-convection,  gradient-free  chamber,  the  area  of  normal  ex- 
posure for  maximum  heat  penetration  is  no  longer  just  one-side  but,  rather, 
all  six  sides  at  once  or  A = 6.  All  other  factors  being  equal,  it  is 
evident  that  the  heat  rate  into  the  test  item  in  the  chamber  will  be  six 
times  greater  than  it  would  be  in  the  field.  Remember,  though,  that  the 
air  flow  factor  (h)  has  yet  to  be  considered. 

In  field  measurement  experience,  the  maximum  wind  velocity  on  a hot 
day  is  generally  less  than  4 or  5 mph  (6  or  8 kmph) , representing  a 
value  of  h between  1/2  and  1.  Conversely,  the  value  of  h for  forced- 
convection  chambers  is  between  5 and  10.  Therefore,  an  evalu. 
both  h and  A at  equal  temperatures  indicates  that  heat  rate  int 
test  item  in  the  chamber  may  be  between  30  and  60  times  greater  th^ 
field  heat  rate.  This  example  indicates  that  even  our  present  day,  e 
lightened,  cam-controlled  tests  are  at  least  one  order  of  magnitude  too 
severe. 


Traditional  chamber  testing  also  changes  the  test  unit's  thermal  time 
constant  of  response.  Since  heat  rate  into  the  unit  is  so  much  greater 
than  would  occur  in  nature,  the  thermal  mass  of  the  item  cannot  act  to 
slow  down  temperature  changes  as  it  would  under  natural  extreme  circum- 
stances. In  fact,  in  one  early  investigation,  a 6-inch-  (152.4-mm-) 
diameter  spherical  thermal  standard,  a box  of  50-caliber  ammunition,  and 
an  inert  CBU-55  liquid-filled  weapon  weighing  about  500  pounds  (226.8  kg) 
were  put  into  a forced-convection  chamber  at  the  same  time.  The  oven  was  . 

selectively  cam-controlled  to  the  response  measured  in  the  field  on  each 
item.  The  thermal  standard2  and  50-caliber  ammunition,  as  well  as  most 

» 

2 

Naval  Weapons  Center.  "Evolution  of  the  NWC  Thermal  Standard,  Part  1. 


Concept,  Part  2.  Comparison  of  Theory  with  Experiment,  Part  3.  Application 
and  Evaluation  of  the  Thermal  Standard  in  the  Field,"  by  R.  D.  Ulrich, 

China  Lake,  California,  NWC.  Part  1,  February  1970;  Part  2,  August  1971; 
Part  3,  June  1977  (NWC  TP  4834,  Parts  1-3,  publication  UNCLASSIFIED.) 
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of  the  500  pound  (227  kg)  CBU-55  sensors,  responded  either  the  same  or  1 

very  similarly.  In  other  words,  the  thermal  time  constant  of  response  ^ 

of  these  thoroughly  different  items,  regardless  of  mass,  was  so  reduced 
that,  in  essence,  they  thermally  followed  the  forcing  chamber  temperature. 

In  no  case  were  the  thermal  gradients  through  these  items  anything  like  i 

those  measured  in  the  field.  There  was  no  correlation  of  measured  re- 
sponses from  the  centers  of  these  units  to  those  experienced  in  "nature." 

This  test  then  demonstrated  that  something  other  than  just  air  tempera- 
ture control  was  necessary  in  an  oven  test;  thus  indicating  a need  for  a 
combined  time-varying-radiation  and  convection  oven.  That  is,  an  oven 
which  simulates  the  solar  radiation  heating  (magnitude,  if  not  wavelength) 
of  the  ambient  air.  The  feasibility  demonstration  of  such  an  oven  was 
the  object  of  this  effort. 

In  order  to  study  these  temperature  variations,  it  is  necessary  that  1 

an  "oven"  accurately  reproduce  the  temperature  distribution  within  the 
rocket  which  it  had  attained  in  nature.  For  this  demonstration,  it  was 
decided  to  use  a liquid  as  the  direct  source  of  heat  for  radiation  to 
the  rocket.  A test  chamber  was  constructed  having  four  panels,  as  shown 
in  Figure  1.  Each  panel  represented  a direction  of  the  sun  with  respect 
to  the  rocket,  i.e.,  east,  west,  top,  and  bottom.  The  fluid  (water  + 
glycol)  was  heated  by  remote  electric  waterheaters  and  then  circulated 
through  the  respective  sides.  The  temperature  of  the  fluid  going  to 
each  panel  was  independently  controlled.  Results  of  testing  indicate 
that  this  environmental  simulation  test  chamber  does  indeed  reproduce  the 
temperature  distribution  within  the  rocket  as  if  it  were  exposed  to  the 
sun's  radiation. 


APPARATUS 


A four-panel  oven  was  designed,  built  and  tested  to  demonstrate  the 
feasibility  of  the  type  of  oven  needed.  A close-up  end-view  of  the  oven 
is  shown  in  Figure  1.  The  diamond  shape  is  the  opening  into  which  a rocket 
motor  is  placed.  Each  side  of  the  oven  is  a panel  (about  1x3  feet) 

(0.3  x 0.9  m)  of  aluminum  painted  with  dull  black  paint.  Each  panel  is 
heated,  using  an  Independent  heater  inside  a 15- inch  (381-mm)  section  of 
2-1/2-inch  (63.5-mm)  pipe  (under  the  operator's  left  hand  in  Figure  1), 
by  circulating  a water-glycol  mixture  through  a serpentine  channel  cut 
in  the  insulating  plate  behind  the  aluminum.  The  heated  water-glycol 
mixture  was  circulated  by  a constantly  driven,  positive  displacement  pump. 

Electric  panel  or  quartz  lamp  radiators  were  not  used  because  of  the 
safety  requirement  that  no  form  of  electricity  can  be  in  the  general  area 
of  live  ordnance.  Of  course,  the  demonstration  used  inert  filler,  but 
it  was  necessary  to  demonstrate  a possible  solution  to  the  more  general 
case. 
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Besides  the  four  independently  heated  panels,  there  was  a similar 
heater  system  for  air  which  flowed  axially  through  a small  automobile 
radiator.  The  radiator  was  removed  so  the  panels  could  be  seen  in  the 
photograph  (Figure  1) . All  five  heaters  were  1500-watt  Cal-rod  heaters 
The  liquid  flow  rate  was  1 gal/min  (3.8  1/min) . A schematic  diagram  of 
one  control  system  is  shown  in  Figure  2.  There  were  five  (four  panels 
and  air  system)  identical  control  systems,  the  details  of  which  are 
given  in  Appendix  A. 


FIGURE  2.  Block  Diagram  of  Control  System. 


Part  of  the  simulated  missile  was  filled  with  dry  sand  and  the  re- 
mainder was  left  empty.  The  "filled"  and  "empty"  sections  simulate  the 
extreme  longitudinal  density  variations  which  occur  in  missiles.  The  high 
density  areas  are  motor  and  warhead;  the  low  density  areas  are  the  control 
and  guidance  sections.  It  is  necessary  in  any  thermal  simulation  chamber 
to  allow  both  sections  to  behave  as  they  would  in  the  real  world.  This 
cannot  be  done  by  either  convection  or  radiation  ovens,  but  requires  a com- 
bination of  both  convection  and  radiation  just  as  in  the  real  life  situ- 
ation. The  reason  is  that  the  thermal  time  constant  of  response  is  a func- 
tion of  the  physical  and  thermal  properties  of  each  section  of  the  item 
under  test  (i.e.,  missile).  With  only  one  mode  of  heat  transfer,  and  the 
transferred  heat  monitored  by  a single  thermocouple  affixed  to  only  one 
representative  surface  of  the  missile,  other  sections  will  tend  to  be 
over  or  underheated.  A small  thermal  time  constant  of  response  unit,  such 
as  a thin  metal  shell  with  no  heat  sink,  would  be  much  too  hot.  A large 
thermal  time  constant  of  response  unit  would  hardly  be  bothered  at  all  by 
the  same  heat  flow.  By  adding  radiant  heat  and  forced  convection,  the 
many  different  modes  of  thermal  response  can  and  will  be  activated  in  the 
same  manner  as  they  are  activated  in  field  storage. 


NWC  TP  5965 


COLLECTION  OF  REFERENCE  DATA 


An  instrumented  simulated  rocket  section  and  12-channel  recorder 
were  used  to  collect  the  reference  temperature  data.  Also,  a velometer 
was  used  to  measure  the  wind  velocity. 

The  rocket  shell  was  8 inches  (203  mm)  in  diameter  and  30  inches 
(762  mm)  long;  20  inches  (508  mm)  of  which  was  filled  with  an  oven- 
dried  fine  sand^  to. simulate  the  rocket  motor  section,  the  other  10  inches 
(762  mm)  were  left  empty.  Half-way  into  the  filled  section,  four  thermo- 
couples were  fused  at  90-degree  intervals  around  the  circumference,  and 
a fifth  thermocouple  was  placed  in  the  center  of  the  filled  section.  On 
the  empty  end,  four  thermocouples  were  soldered  around  the  circumference, 
again  90  degrees  apart.  To  sense  the  ambient  temperature,  a tenth  thermo- 
couple was  taped  to  the  model  then  bent  so  it  extended  about  2 inches 
(50.8  mm)  above  the  model. 

The  model  and  recorder  were  exposed  to  simulate  a dump  storage.  The 
model  was  oriented  in  a north-south  situation  and  the  north  (empty)  end 
elevated  about  20  degrees  to  improve  angle  for  solar  radiation. 

The  reference  temperature  data  are  presented  graphically  by  the  solid 
curves  in  Figures  3 through  12.  Since  the  data  were  taken  in  the  beginning 
of  March  in  Provo,  Utah,  the  temperatures  were  fairly  low.  In  order  to 
raise  these  temperatures  to  a more  workable  range,  30°F  (16.67°C)  was  i 

added  to  make  the  maximum  temperature  160°F  (71.1 °C)  and  the  minimum 
about  65°F  (18.3°C).  This  eliminated  the  need  for  a refrigeration  system 
coupled  with  the  heating  system.  Future  systems  will  need  both  heating 
and  cooling. 


SIMULATION  OVEN  TESTING 


Test  results  for  each  thermocouple  location  as  a function  of  time 
of  day  are  presented  in  graphic  form  by  the  dashed  curves  in  Figures  3 
through  12.  Note  that,  except  for  the  top  and  west  side  of  the  filled 
section,  all  the  maximum  temperatures  on  the  rocket  motor  were  within 
8°F  (4.44°C)  of  the  previously  measured  values  in  the  field. 


3 

Naval  Weapons  Center.  "Measured  Temperatures  of  Solid  Rocket  Motors 
Dump  Stored  in  the  Tropics  and  Desert,  Part  3.  Desert  Dump  Storage,"  by 
H.C.  Schafer.  China  Lake,  California,  NWC,  May  1977.  (NWC  TP  5039, 

Part  3,  publication  UNCLASSIFIED.) 
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For  reasons  of  safety  to  the  equipment,  it  was  decided  not  to  let  the 
fluid  temperature  rise  above  230°F  (110°C)  due  to  high  internal  pressures. 
With  this  maximum  fluid  temperature,  the  maximum  temperature  attained  by 
the  "top-filled"  side  was  138°F  (58.9°C);  the  expected  temperature  was 
150°F  (65.6°C).  The  temperature  on  the  "top  empty"  side  was  higher  than 
145°F  (62.8°C)  when  the  "top-filled"  side  registered  only  145°F  (62.8°C). 
This  was  because  the  air  flow  was  from  the  filled  toward  the  empty  end  of 
the  rocket.  Thus,  the  air  temperature  surrounding  the  empty  end  was  higher 
than  that  surrounding  the  filled  end.  This  heating  effect  can  be  noted 
more  clearly  on  Figure  12  (air  temperature)  which  shows  the  test  temper- 
ature much  higher  than  the  reference  data.  This  boundary  layer  influence 
can  also  be  observed  from  the  data  for  the  empty  sides. 

CONCLUSIONS  AND  RECOMMENDATIONS 

It  is  recommended  that  the  system  be  redesigned  for  cross  flow  of  air. 
It  is  also  recommended  that  stronger  panels  be  built  so  that  the  temper- 
ature of  the  fluid  in  the  panels  can  be  raised  until  the  desired  temper- 
ature in  the  rocket  is  reached,  maybe  to  300°F  (419°C).  This  might  also 
be  accomplished  by  using  a low  pressure  oil.  There  were  some  coupling 
effects  between  the  circuits  which  may  have  been  due  to  the  high  gain 
(1,000)  of  the  amplifier.  The  problem  may  be  solved  by  using  two  ampli- 
fiers in  series. 

Under  these  circumstances,  it  was  felt  that  the  results  were  well 
within  expected  tolerances  which  would  be  observed  in  the  field.  Es- 
pecially pleasing  were  the  results  on  the  unfilled  sections,  while  the 
control  for  each  panel  was  on  the  filled  portion.  This  could  not  have 
been  done  by  convection  or  radiation  alone. 

Also,  the  fact  that  the  center  temperature  in  the  filled  portion 
tracked  well  is  further  indication  that  there  is  a great  need  for  this 
type  oven.  Tests  in  convection  ovens  have  not  been  successful  in  accom- 
plishing all  of  these  reproductions  simultaneously.  Indeed,  these  results 
demonstrate  that  this  type  of  oven,  or  chamber,  should  be  further  developed 
and  used  in  environmental  testing  and  missile  (and  other  material)  qualifi- 
cation demonstrations. 

Additional  future  uses  of  this  type  of  simulation  oven  could  allow 
testing  of  various  parts  of  a missile  system  (guidance,  fuse,  igniters, 
etc.)  during  the  temperature  cycling.  It  is  conceivable  that  the  missile 
system  could  be  given  vibration  loads  at  the  same  time  as  temperature 
variations.  This  type  of  device  might  demonstrate  that  temperature 
gradients  are  a more  severe  test  than  high  and  low  temperature  soak. 

At  the  same  time  it  might  show  that  the  upper  and  lower  soak  temperature 
limits  may  be  too  severe.  The  projected  cost  for  such  an  oven  is  low 
enough  that  live  ordnance  could  be  tested  and  assume  the  risk  of  misfire 
damaging  the  equipment.  Indeed,  the  future  uses  of  this  concept  are  only 
limited  by  the  imagination  of  environmental  simulation  engineers. 
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Based  on  the  results  of  this  work  the  following  conclusions  may  be 
drawn: 


1.  Local  surface  temperatures  can  be  made  to  follow  the  same  time 
path  in  an  oven  as  they  do  outdoors,  even  with  a relatively  simple,  low 
cost,  system. 

2.  The  unfilled  portion  of  the  missile  followed  its  respective  out- 
door conditions  in  the  oven  even  though  it  was  not  controlled. 

3.  When  all  the  surface  temperatures  follow  their  proper  paths,  the 
internal  temperatures  follow  their  respective  paths,  as  indicated  by  the 
center  thermocouple  data. 

4.  The  feasibility  of  this  new  type  of  environmental  simulation  oven 
has  been  demonstrated  by  this  relatively  simple  oven. 


1 

I 

. 


. 


I 
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Appendix  A 

DESIGN  CONSIDERATIONS 


AMPLIFIER  GAIN 

Since  the  output  of  a thermocouple  is  on  the  order  of  millivolts  and 
volts  are  preferred  for  ease  of  handling,  the  gain  of  the  amplifier  Should 
be  1000.  This  gain,  is  set  by  the  ratio  of  the  resistors  R?  to  R,  in 
Figure  A-l. 


+ 120  VAC 


FIGURE  A-l,  - Detailed  Electric  Circuit  Diagram. 


I 

HEAT  SOURCE  j 

Current  oven  safety  regulations  do  not  allow  electrical  heating  with  ; 

live  ordnance  due  to  the  possibility  of  sparks  and  explosions.  This  led 
to  the  heated  liquid  systems.  I 


HEATER  CAPACITY 


Assuming  the  heat  loss  per  panel  to  be  450  BTU/hr,  it  was  recognized 
that  the  heating  element  in  the  reservior  must  supply  at  least  450  BTU/hr 
For  this  purpose  an  ordinary  waterheater  heating  element  (CHROMALOX  6001A 
rated  at  1500  watts  with  220  VAC)  was  chosen. 


FLOW  RATE  AND  PUMP  SELECTION 


By  assuming  the  heat  radiated  and  convected  by  each  panel  to  be 
BTU/hr,  we  were  able  to  calculate  the  volume  of  flow  to  be  0.25  gal/mln 
1 1/mln) . This  is  a very  small  flow  rate;  but,  by  increasing  it,  the 
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temperature  drop  across  the  panel  will  be  decreased.  Therefore,  a pos- 
itive displacement  gear  pump  was  chosen  which  has  a flow  rate  of  1.3  gal/min 
(4.9  1/min)  at  1200  rpm  and  20  psi.  Circumstances  demanded  that  a larger 
pump  (2.5  gal/min  (9.5  1/min)  at  1200  rpm  and  20  psi)  be  employed  on  two 
of  the  heating  panels.  Each  pump,  at  the  specified  rating,  required  a 
1/6  hp  motor  rated  at  least  1200  rpm.  On  this  project,  two  1/4  hp  motors 
rated  at  1725  rpm  were  employed  with  each  driving  a small  and  a larger  pump. 


CONTROL  SYSTEM 

With  closed-loop  control,  the  non-linearity  of  radiation  heat  trans- 
fer may  be  totally  ignored  due  to  the  fact  that,  once  the  desired  output 
level  is  determined,  the  system  will  automatically  adjust  to  produce  the 
desired  output.  Furthermore,  the  only  data  which  must  be  taken  is  the 
temperature  of  the  rocket  as  a function  of  position  and  time.  This  data 
then  is  used  as  the  command  signal  in  the  control  system. 


BLOCK  DIAGRAM  OF  CONTROL  SYSTEM 

The  block  diagram  for  the  control  circuit  is  actually  two  separate 
diagrams  because  of  the  on-off  nature  of  the  SCR,  which  depends  on  the 
gate  voltage  (vref  - vt) , polarity  and  magnitude.  Thus,  if  vref  - vt  is 
greater  than  +1.4  volts,  the  diagram  is  that  which  appears  in  Figure  A-2. 
If,  however,  the  gate  voltage  is  less  than  1.4  volts,  the  diagram  is  that 
which  appears  in  Figure  A-3.  The  quantity,  qL,  represents  the  total  power 
to  the  load  and  equals  heat  due  to  convection  from  the  heating  panels  to 
ambient  plus  net  heat  due  to  radiation  from  the  panels  to  the  rocket. 

Tref  represents  the  desired  output  of  the  system  and  Tt  represents  the 
actual  output.  The  reference  temperature,  Tref,  is  then  converted  to 
a voltage.  The  "on-off"  or  "proportional  switch"  represents  an  SCR  which 
triggers  and  allows  current  to  flow  in  the  heater. 

The  feedback  loop  consists  of  the  thermocouple  which  senses  the 
temperature  and  a voltage  amplifier  which  amplifies  the  thermocouple 
voltage  to  a workable  range. 
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